• Isotopic clearance techniques using radioactive inert gases have permitted assessment of the capillary blood flow in a number of organs. In certain organs, such as heart 1 and testis, 2 the clearance curve is a monotonic exponential function suggesting uniform distribution of the capillary blood flow. However, in other organs such as the kidney, 8 the clearance curve can be analyzed into a number of separate exponents indicating nonuniform distribution.
In the present paper the krypton 85 (Kr 85 ) clearance technique has been used to examine the nutrient circulation in the skin of the rabbit. Preliminary experiments indicated that the clearance curve was bimodal. 4 The relationship of this bimodal clearance to several physiological parameters, in particular the hair growth cycle, has been examined.
Methods
Adult Californian white rabbits, weighing 2.0 to 3.0 kg, were used. Hair was closely clipped from the trunk and thigh skin, and the animal kept under observation for two to three days until areas of active hair growth were recognized. This is demonstrated in figure 1, which shows a rabbit five days after clipping. The animals were anesthetized with pentobarbital sodium (40 mg/kg body weight) and a poly vinyl chloride catheter was introduced either into the lower aorta through the ilio-lumbar artery, for measurFrom the Schools of Physiology and Anatomy, University of New South Wales, Sydney, New South Wales, Australia.
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Accepted for publication November 29, 1965. ing blood flow in the thigh skin, or into the facial or lingual arteries, for measuring ear blood flow. In seven animals, the cutaneous blood flow was measured in both resting and hair-growing areas on the same day as the insertion of the catheter.
In three animals a more detailed study was made, curves being recorded daily from active and inactive areas for four to five days using light pentobarbital sodium anesthesia. In a number of other animals the cutaneous blood flow was determined also in different areas of the ear. Thigh skin, ear, rectal, and ambient temperatures were measured continuously with thermistor probes. A heating blanket and the room air conditioning were used to regulate these temperatures.
MEASUREMENT OF BLOOD FLOW
Following the rapid intra-arterial injection of Kr 8; ' in saline, the rate of clearance of beta activity from the skin was monitored with a Ceiger-Muller (CM.) tube (Milliard MX 152) placed 1 mm from the skin surface. The output from the G.M. tube was fed by a short, lowcapacity cable to a quenching probe-preamplifier unit. Pulses from the preamplifier entered a discriminator and then were fed simultaneously to a linear ratemeter (Ekco Electronics Ltd.) for monitoring, and a sealer-printer (R.I.D.L., Hewlett-Packard) for recording.
The principle of measuring blood flow by clearance techniques 5 has been applied previously to the determination of blood flow in a bimodal system. 4 In applying this principle it is assumed that, with a highly diffusible substance such as Kr 8; ', diffusion equilibrium will be reached between blood and tissue in a single passage through a capillary bed provided the intercapillary distance is relatively small. 1 -3 -" Under these conditions, the rate of clearance of Kr 8s will provide a measure of nutrient or capillary blood flow. Flow through vessels in which diffusion equilibrium is not achieved, such as arterio-venous anastomoses, will not be measured.
The counting rate was corrected for background activity and the paralysis time of the G.M. tube and plotted against time on semi-
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FIGURE 1
Rabbit in which hair was closely clipped from the trunk and thigh skin five days previously. A: area of active hair growth; B: area in the inactive phase of the hair cycle; C: hyperemic zone bordering region of active hair growth. logarithmic paper. The washout curves were analyzed graphically into two single exponential components" as shown in figure 2 . The analysis of the curves obtained assumes a bimodal distribution of blood flow into two distinct homogeneously perfused compartments which are arranged in parallel. 4 -" The flow rates in each compartment (F' and F") were calculated from the following equation assuming a tissue/blood partition coefficient for krypton of 1.0 and specific gravity for skin of 1.0, F=100 k ml/100 g/min (1) where
and t 1/2 = the half-time of the exponential in minutes.
The initial distribution of counts to each compartment (Ao' and Ao") was also determined by back extrapolation of the exponents to time zero ( fig. 2) . The relative sizes of the two compartments (m'% and m"%) as a percentage of the total tissue mass were then calculated from the following equation,
and the mean or total cutaneous blood flow (F) from the relation
The above, calculation of compartment size and mean flow assumes that these two compartments are counted with equal efficiency.
Kr" is mainly a beta emitter (greater than CircuUtinn Relurth, Vol. XVIII. jnnc 1966 99%) but has a small gamma emission (0.36%). '-4 The maximum range of the beta particles of Kr 84 (maximum energy, 0.67 mev) is approximately 230 mg/cm 2 , or 2.2 mm in tissue such as skin. However, because of self-absorption, if the activity is distributed uniformly throughout the tissue, greater than 90$ of the observed counting rate will be accounted for by activity in the superficial 0.7 mm of tissue. In the rabbit, the mean full thickness of the skin (including the hypodermis, and panniculus carnosus) during the resting phase is 1.0 mm; the epidermis and dermis contributing about 0.7 mm. In hairgrowing areas, the mean full thickness measured 2.0 mm; the epidermis and dermis measured 1.4 mm. Therefore, in resting areas, activity arising from both epidermis and dermis will be counted whereas in hair-growing areas the deeper parts of the dermis would be counted less efficiently. Evidence will be discussed later to show that the two compartments are uniformly distributed; if this were not so, it is appreciated that the superficial compartment would be counted more efficiently and its size would thus be overestimated. It has been shown previously that following the injection of nonirritant agar between skin and muscle, the bimodal nature of the curves remained unaltered. 4 This demonstrated that beta particles originating in tissues deep to skin did not significantly affect the clearance curves.
Previous experiments 4 had shown that gamma activity arising from Kr* 4 in the underlying tissues was insignificant except when prolonged infusions were given. This was estimated by counting with a thin sheet of lead covering the window of the G.M. tube.
HISTOLOGICAL TECHNIQUE
Samples of thigh skin showing the junction between resting and hair-growing areas were fixed in 5% glutaraldehyde 7 and embedded in paraffin. To study the structure of resting and active hair follicles, sections 8 JJL in thickness were prepared and stained with hematoxylin and eosin.
To compare capillary networks in resting and hair-growing areas of skin, rabbits were perfused with India ink (Pelican). Following fixation in 5% glutaraldehyde, frozen sections 50 to 100 /x in thickness were prepared and examined either unstained or stained with hematoxylin and a modification of Halmi's fast green method."
Results
It is well established that hair grows in cycles in most mammals.
0 Following a period of hair growth (anagen phase) there is an inactive (telogen) phase during which the hair is retained. Subsequently, the follicle produces a new growing hair and the old hair is shed. In man and many other species, the cycle of individual follicles is asynchronous, whereas, in the rabbit, rat and mouse, extensive portions of the skin have follicles undergoing a synchronous cycle. Thus, in the rabbit it was possible within two to three days after clipping the hair from the trunk to define areas of active hair growth and areas in the inactive phase ( fig. 1 ). The junction between active and inactive areas was generally clearly demarcated by a zone of hyperemia about 2 to 3 mm wide ( fig. 1 ). In the animals used in this study the phase of active hair growth was found to extend over a period of four to five weeks.
In any given animal the Kr 85 clearance curves were related to the phase of the hair growth cycle. Both during active hair growth and in the inactive phase, the clearance curves were bimodal and as can be seen from figure 2, the flow in each compartment when expressed as ml/100 g tissue/ min was similar during both phases. The flow rate in the fast compartment during the inactive phase was 29.7 ml/100 g/min and in the slow compartment 4.3 ml/100 g/min. These values did not differ significantly from the corresponding values in the hair-growing areas (table 1) . However, the compartment size varied appreciably in relation to the hair growth cycle ( fig. 2) . Thus the fast compartment increased in size from 21% of the tissue mass in the inactive areas to 67% in the hair-growing areas (table 1) .
As a result of this increase in size of the fast compartment under conditions of hair growth, the calculated mean or total cutaneous blood flow increased from 9.5 ml/100 g/min to 22.0 ml/100 g/min. These results for compartment size and mean blood flow have been calculated assuming both compartments have been counted with equal efficiency.
The above pattern was observed in 66 experiments. The absolute magnitude of the flow rates and the compartment size varied between animals depending upon the condition of the animal; the mean, standard error and range of each parameter are shown in table 1. In order to minimize this variation, in later experiments, curves were recorded in succession from active and inactive areas, and the results of 11 paired curves are summarized in table 2. The reproducibility of the results in any one area of skin was demonstrated by an experiment in which five curves were obtained at hourly intervals from the same area of skin in the inactive phase (table 3) . In all the above experiments the ambient temperature was 20°C, and skin temperature in the range of 31 to 34°C.
In healthy, lightly anesthetized animals, the body temperature was well maintained for several hours and the bimodal clearance curves were reproducible. However, in animals which were deeply anesthetized, in poor condition, or deliberately cooled, the rectal temperature decreased and this pattern was modified. The size of the fast compartment was considerably reduced, and in some cases it was completely lost, the curve becoming monotonic ( fig. 3a ). An associated reduction in compartmental flow rates was also observed, although this was small compared with the reduction in size of the fast compartment. With extreme cooling or when the animal was in very poor condition, with rectal temperatures in the range of 35 to 37°C, the cutaneous blood flow became very low and the clearance curves were of the form shown in figure 3b. The difference in the compartmental flow rates (F' and F") between the two phases of the hair cycle was not significant (F', P = 0.8; F", P = 0.4).
TABLE 1
Influence of Hair Growth on the Distribution of Blood Flow in Rabbit Thigh Skin
The differences in relative compartment size and mean blood flow between the two phases of the hair cycle were highly significant (P = 0.001).
•These values are calculated assuming both compartments are counted with equal efficiency. tMean. Standard error. §Range. More marked cooling was required to achieve an equivalent result in areas of active hair growth.
Since this technique does not efficiently count activity arising from the deeper parts of the dermis, particularly in the thicker hairgrowing areas, the above results do not necessarily represent the state of affairs in the deeper part of the dermis. In one experiment a skin flap was raised and the clearance curves were recorded simultaneously with a surface beta counter and a scintillation counter for the measurement of gamma activity. The beta curves (skin temp 25°C) were similar to that shown in figure 3b, however the corresponding gamma curves showed a small fast compartment. These results suggest that with skin cooling, the fast compartment is lost in the superficial parts of the dermis whereas in the deeper parts, a small fast compartment, and therefore a higher blood flow, is maintained.
With body heating, when the rectal temperature was elevated (41 to 42°C), there was an increase in compartmental flow rates and the size of the fast compartment.
Hair growth on the rabbit ear was sparse and mainly limited to the posterior aspect and the distal parts of the anterior aspect. The growth was cyclical as in the case of thigh skin. Under comparable conditions, it was found that the size of the fast compartment was related to the amount of hair growth and the phase of the hair cycle in each area. In active hair-growing areas, the curves showed a bimodal pattern similar to that of thigh skin. At ear temperatures in a range of 31 to 35°C, the size of the fast compartment was considerably smaller than that of thigh skin. In resting areas at lower flows, the fast compartment was extremely small and usually just discernible on the curve as an initial hump. However, at higher flows, the curve became bimodal. On the anterior aspect of the ear near the meatus, where hair growth was extremely sparse, the clearance curves were monotonic at all flows provided conditions remained steady during the recording of the clearance curve. However, because of the tendency of the ear blood flow to suddenly alter markedly and unpredictably, this was not always easily achieved. Since the full thickness of the ear, cartilage included, was approximately only 1 mm, self-absorption presented little difficulty.
The possibility existed that krypton might be lost from the skin surface. Animals were sacrificed shortly after an intra-arterial injection of Kr 8s , the radioactivity in the thigh skin was then monitored with a G.M. tube for at least one hour. The decrease in counting rate was extremely small and insufficient to affect the present results.
HISTOLOGICAL OBSERVATIONS
There were three (main) horizontally arranged networks of vessels in the body skin. The most superficial network, the subepidermal plexus, consisted of fine vessels situated just beneath the epidermis. A stouter network of vessels, the dermal plexus, was at the middermal level while the deepest network, the hypodermal plexus, lay between the dermis and the hypodermis.
The follicles were arranged in groups and during the active phase of hair growth they were surrounded by a continuous and very extensive system of fine vessels ( fig. 4b ) which extended from the subepidermal plexus to their bases ( fig. 4a ). These vessels were embedded in a connective tissue sheath which surrounded the follicles. At the end of the active phase the lower half of the follicle regressed and the base of the follicle was subsequently located at a more superficial level in the dermis.
In the inactive phase of hair growth, resting folhcles were found superficially in the dermis and a rather attenuated connective tissue sheath, associated with a residual leash of vessels, extended from the subepidermal plexus along the path of the former active follicles ( fig. 5) . Apart from the residual vessels and the vessels of the horizontal plexuses, the remainder of the dermal tissue was not highly vascularised; arteriovenous anastomoses were not seen in the thigh and mid-side skin.
Discussion
In a previous investigation 4 it was shown that Kr 8S clearance curves from the thigh skin of the rabbit consistently produced two single exponential components on graphical analysis. These findings were interpreted on the basis of differing parallel rates of blood flow through two distinct homogeneously perfused compartments. This concept was supported by the marked disparity between the flow rates of the two compartments, and the reproducibility of these values in a number of animals. The data then available were insufficient to state whether the two compartments could be correlated with definite anatomical regions. However, the marked variation in the relative sizes of the two compartments in different rabbits appeared difficult to explain on an anatomical basis.
The present paper provides further evidence in favor of the validity of the twocompartment model. The histological studies, discussed below, suggest an anatomical basis for the two compartments. In addition, histological examination of the skin during the active and resting phases of the hair growth cycle has demonstrated a marked difference in the relative size of these two compartments which correlates well with the difference in compartment size calculated from the clearance curves. These findings explain the variation in relative compartment size of the previous work 4 in which the phase of the hair growth cycle was not noted.
Despite the variation in the relative size of the two compartments in relation to the hair growth cycle, their flow rate/100 g of tissue remained approximately constant. The marked increase in size of the fast compartment during the active phase of the hair cycle (from 23 to 65% of the tissue mass) correlated well with increase in amount of follicular tissue and the development of the follicular capillary plexus during this phase. This would suggest that the flow rate of the fast compartment was a measure of nutrient blood flow to the hair follicles. This was supported by the absence of the fast compartment in non-hair-growing areas and the small fast compartment found in areas of the ear where hair growth was sparse. The flow rate of the slow compartment was then a measure of nutrient flow in the rest of the skin.
The flow rate of the fast compartment (29 ml/100 g/min) was consistent with the nutrient blood flow which might be expected for active follicular tissue. These findings suggest that other methods which measure mean skin blood flow would underestimate the actual nutrient blood flow to the follicles. The nutrient blood flow to the flow per .The weight of follicular tissue showed no significant increase during active hair growth which suggests that this blood flow was adequate to provide the metabolic needs of the follicle at all times. However, during active hair growth, CinuUiion Resarcb, Vol. XVIII, J K HO 1966 the mass of follicular tissue was increased and since the nutrient blood flow remained unaltered, the total amount of blood (ml/ min) flowing to the follicles was greatly increased. This was also demonstrated by the higher mean blood flow (20.7 ml/100 g/min) of hair-growing areas.
The present results demonstrate that the redistribution of cutaneous blood flow under conditions of high or low blood flow follows a predictable pattern apparently irrespective of the cause. Although considerable alterations in compartmental flow rates occurred, the variation in the size of the fast compartment was the most notable feature. Since the majority of blood entering the skin passes through the fast compartment (approx 65% in resting areas and 97$ in hair-growing areas), variations in the flow rate and particularly the size of this compartment largely determine the total cutaneous blood flow. The injection studies demonstrated that the vascular bed which surrounded the lower two-thirds of the active follicle was not completely lost during the resting place ( fig. 5) . The blood flow data indicated that this vascular bed is capable of considerable variation in size in response to physiological needs.
The results with the superficial beta counter demonstrate that with body cooling, and in animals in poor condition, the blood flow in the superficial part of the dermis was markedly decreased. The absence of a fast compartment under these conditions would indicate the closing down of the superficial part of the follicular plexus and the subepidermal plexus. However, from the skin flap experiment it appears that the blood flow to the deeper parts of the follicle was maintained to some extent. Since the region of greatest mitotic division is situated in the hair bulb, 15 preservation of an adequate blood supply to this region would seem important in Maintaining an active follicle. In addition, these results suggest that a temperature gradient might exist in the skin under these conditions, and that surface temperature of the skin«is.a poor index of mean skin blood flow.
In this study' the intra-dermal injection technique previously reported 4 for the measurement of cutaneous blood flow has not been used. Apart from the local skin irritation and hyperemia produced by the injection, krypton appeared to leak back along the needle track towards the skin surface.
The present technique of rapid intraarterial injection with surface counting is extremely useful in the study of cutaneous blood flow distribution. One particular advantage is that the entire skin surface can be studied without interference from underlying organs. However, the technique has some limitations particularly in the measurement of mean cutaneous blood flow. The length of time necessary for a single determination (15 to 50 min) is long. Moreover, graphical analysis of those curves with a small fast compartment is inaccurate. Self-absorption of beta particles presents two main difficulties; firstly, the limited depth of tissue which is efficiently counted and, secondly, any nonuniformity of the compartments will bias the results in favour of the more superficial compartment. The use of Kr* 5 limits effective measurement of blood flow to the superficial 0.5 to 0.8 mm of tissue. With thicker skin, such as in the human being, blood flow would be measured only in the superficial part of the dermis. In the rabbit the histological studies suggest a fairly uniform distribution of both hair follicles and dermal ground substance throughout the superficial part of the dermis in both hair-growing and resting areas; it seems reasonable therefore to conclude that no marked error has resulted from the assumption of equal counting efficiency for both compartments. This is supported by the results of Setchell andVVaites 16 who used a modification of the Sapirstein-technique}? and found no significant .-difference in •activity and hence blood flow at*different levels in rabbit skin.
The arr^^ement of cutaneous blood vessels in three mainjiojizontaj plexy££s was in agreement with the findings of Durwood and Rudall. 10 The results supported previous studiesj°~i2'i..which dempnstrated the variation in the vascoiar bed surrounding hair -follicles during*th"e hairgrowth % cyc l g and emphasized that the lower part of the follicular plexus was still present, although markedly attenuated during the resting phase. The present experiments support the concept that the vascular bed surrounding hair follicles is a functionally distinct entity which undergoes cyclic changes associated with the hair growth cycle.
Summary
Previous work using a Kr* { clearance technique demonstrated the existence in rabbit thigh skin of a bimodal distribution of blood flow which was consistent with the presence of two distinct vascular compartments with markedly different flow rates. These observations on the rabbit thigh have been extended to compare flow patterns during the inactive phase of the hair growth cycle and during active hair growth.
Resting areas and hair-growing areas of rabbit skin have been examined histologically and the vascular pattern has been demonstrated after perfusion of the vessels with India ink. The results provide an anatomical basis for the two-compartment model derived from analysis of the clearance curves.
The mean rate of blood flow for the fast compartment during the inactive phase was 29.7 ml/100 g tissue/min and 4.3 ml/100 g tissue/min for the slow compartment; these did not change significantly with active hair growth. However the relative size of the fast compartment altered markedly with active hair growth, the relative size of the fast compartment increasing from 21 to 67% of the tissue mass. The mean cutaneous blood flow was more than doubled during the active phase.
Histological studies demonstrated a marked increase in the size of the follicles during the active phase and a concomitant increase in the extent of the vascular bed around the follicles. This would indicate that the fast compartment represents the follicular tissue and its associated blood supply; its flow rate was a measure of nutrient blood flow to the hair follicle. The flow rate of the slow compartment was then a measure of nutrient blood flow in the rest of CitcuUiiom Risurcb, Vol. XVIII, ]m-1966 the skin. These conclusions were supported by observations in areas of skin with sparse hair growth. The effect of body heating and cooling on cutaneous blood flow distribution was also noted.
